The paper describes results of the BioCosts project in which a comprehensive analysis of the economic and environmental performance of the energy use of biomass was carried out for selected existing facilities throughout the European Union. It is demonstrated that the appropriately organized use of biofuels has significant environmental advantages compared to the use of fossil fuels. Mitigation of global warming is the largest single incentive to use biofuels. However, only a few technologies are economically competitive under prevailing conditions, while others lead to up to 100% higher energy production costs than fossil fuels. Employment effects of using biofuels are small but positive.
Total costs and benefits of biomass in selected regions of the European Union 
Objectives and methodology
Biomass is the renewable energy source which is often believed to have the highest potential to contribute to a future sustainable energy supply for the European Union [1] . In Finland, Sweden, and Austria, it currently already covers shares of 23, 18, and 12% of the primary energy demand, respectively. Biomass is different from other renewable energy sources due to the variety of solid, liquid and gaseous fuels which may be derived from it and to the very different conversion technologies applicable for their utilization. A major advantage lies in the fact that biofuels are CO 2 -neutral. Moreover, they can be stored and may thus compensate for the intermittent character of other renewable energy sources.
The objective of the project 'Total Costs and Benefits of Biomass in Selected Regions of the European Union (BioCosts)' has been to provide a comprehensive analysis of the economic and environmental performance of the energy use of biomass [2] . For this purpose, a number of representative biomass-to-electricity and biomass-to-transport-service fuel cycles located at different sites within the European Union were evaluated. Due to limited space, only the first category of case studies is covered in this paper. These case studies are listed in Table 1 . In general, existing installations with sufficient operating experience were analyzed and only in a few cases were planned installations included. Each biomass technology is compared to a fossil fuel fired reference technology.
For the economic and environmental appraisal, the fuel cycles were divided into fuel production, conversion and clean-up stages. Assessing the economic performance involved production costs of energy as well as employment effects. Production costs are composed of investment, labor, fuel and (other) operation and maintenance costs. Country specific effects such as taxes and subsidies were disregarded as far as possible. Direct employment in the biomass fuel cycles was obtained from the operators. Indirect employment from the manufacture of equipment and employment for the production of fossil fuels were calculated with ZEW's enhanced input-output model EMI 2.0 [3, 4] . 1 For each stage of the different biomass fuel cycles and their reference cases, a detailed inventory of direct emissions and burdens was compiled. Indirect emissions were obtained with the I/O model EMI 2.0.
A prominent task of the BioCosts project was to determine the 'external costs' of the energy use of biomass. In neo-classical economic theory, external costs are defined as those costs of a product or service which are not paid for by the user, but by otherwise uninvolved third parties. A number of extensive research projects have been carried out on this topic during recent years [5] [6] [7] [8] [9] [10] . Nevertheless, severe uncertainties remain in any estimate of external costs arising from environmental damage. Some uncertainties arise from a lack of knowledge, but a substantial share is related to fundamental methodological and ethical problems which have not yet been (and may never be) resolved. It is beyond the scope of this paper to cover this discussion in more detail [e.g. Ref. 11] . However, it is important to record that many researchers come to the conclusion that the traditional objective of neo-classical economics, that is to reach a Pareto optimal statein which no one can be made better off without someone else becoming worse off-may be too ambitious with respect to environmental problems.
Nevertheless, decision makers need advice when tackling the severe environmental problems which industrial societies face today. Therefore, we agree with Miser and Quade [12] , who state that "systems analysis is the multidisciplinary problem-solving activity that has evolved to deal with the complex problems that arise in public and private enterprises and organizations." While expectations for obtaining precise scientific facts in relation to environmental problems are often limited, the goal of systems analysis is clearly to suggest actions or decisions with a limited budget of time and money even if the knowledge of the system is incomplete. Consequently, the BioCosts project has tried to provide a number of indicators for the economic and environmental performance of biomass fuel cycles which may help decision makers to reach conclusions. By stating methodological problems openly, we want to put decision makers in a position where they can make their personal choice between methodologies and corresponding assumptions and where they will be able to determine the consequence of these choices.
We would like to stress that the external costs related to damage to human health, which are given in this article, are based on values of the present generation (insofar as they can be measured at all) and may, thus, be subject to change in the future. We will present only those effects which have a significant influence on the total figures and we will state damage costs only for impacts for which the physical damage can be measured with sufficient precision.
Consequently, in the BioCosts project, external costs could only be estimated for the impacts of direct emissions of NO x , SO 2 and dust particles and the related secondary emissions on human health. The calculations were carried out with the computer model EcoSense (Version 2.0) developed within the ExternE project [5, 6] . The model implements an impact-pathway approach, comprising the air dispersion of pollutants, formation of secondary pollutants (nitrates and sulfates), changes of the atmospheric concentration of pollutants all over Europe, quantification of physical impacts via exposure-response functions, and monetization of these impacts.
Externality assessment and, thus, cost-benefit analysis were not considered an appropriate tool for the issue of global warming. Neither the damage avoided nor the abatement costs of climate change can be determined with sufficient accuracy [11] . Therefore, we applied the concept of strong sustainability as suggested, for instance, by Daly [13] . Damage to the environment is then no longer offset by economic benefits but has to be limited independently. The definition of such limits should be the subject of a broad public debate and, ideally, decisions should be based on a broad consensus. For the implementation of such limits, economic tools like taxes or tradable emission permits may well be applied instead of the still dominating command-and-control measures. As an indicator of the costs of such a strategy to mitigate global warming, one may resort to the costs of avoiding to emit an additional unit of infra-red active gases (i.e. carbon dioxide, methane etc.).
When defining the different stages of the fuel cycle, it is essential to carefully select system boundaries and allocation mechanisms. System boundaries define which effects are regarded as part of the fuel cycle and which are left out of consideration. Allocation mechanisms are necessary to attribute the effects analyzed to the different commodities produced.
The general rule for defining system boundaries in the BioCosts project was to compare the biomass-to-energy application with its fossil fuel reference case and to attribute any difference, be it positive or negative, beneficial or potentially harmful, to the use of biomass. For agriculture, the farming of energy crops was compared to what would otherwise take place on that piece of land. This may be conventional farming of food crops or participation in the EU's set-aside land scheme. For combustion, the efficiencies, costs, and emissions of the use of biofuels were compared to those of fossil fuels. In addition to these direct effects, indirect effects of manufacturing the equipment for conversion and for fuel preparation were taken into account. This was done via input-output analysis. Finally, other indirect effects, which were not captured by the I/O model, were considered if they contributed significantly to the overall impacts. This was the case for the application of fertilizers during farming of energy crops. The production of the fertilizers needs relatively large amounts of (fossil) energy and it causes emissions that contribute substantially to the respective emission inventories [14] .
For all but one case study, it was necessary to allocate impacts and costs between different commodities. Mostly, these commodities were electricity and heat, but in some cases marketable by-products such as press cake, which can be sold as fodder, had to be taken into account. However, there is no unique solution to this problem which has no disadvantages. For electricity and heat, the most favorable, largely unbiased solution is the systems approach. It considers two systems, which supply the same energy services, and calculates the respective costs and environmental impacts which may then be compared to decide which solution is to be preferred. However, this approach was not applicable here since we were obliged to produce results with respect to one unit of heat or electricity. In the end, we decided to use energy allocation, which means that emissions and internal costs are attributed to electricity and heat flows according to their energy content. Thus, one kWh of electricity is regarded as equivalent to one kWh of heat. 2 This will ensure comparability of the results of different case studies, but will have to be kept in mind when comparing our results with actual market prices of energy. For non-energy by-products such as press cake from rape production, which occur during the production of biofuels, we have used allocation by mass since allocation by energy would obviously be meaningless. Further impacts of the by-products, such as avoided emissions during the production of fodder which is now substituted by press cake, have not been included in the results.
Case studies: biofuels for the production of heat and power

Economic performance: internal costs and employment effects
The internal costs of the different facilities analyzed in the BioCosts project are summarized in Fig. 1 . Abbreviations are explained in Table 1 . Altogether, the results show a broad range of energy production costs. Only two biofuel cases have lower energy production costs than their reference cases at current (1998) fossil fuel prices. These are the industrial combined heat and Table 1. power (CHP) facility at Mangualde, Portugal, (Case p1-o: 3.0 mEURO/kWh) and the CHP plant at Nässjö, Sweden (Case s1-o: 19 mEURO/kWh). Both use forestry residues and saw-mill waste as a fuel. 3 Other biofuel facilities are up to 100% more expensive than their reference case. The gasification schemes (s2-o, uk-o) are dominated by high investment costs of the conversion equipment, which includes the gasification equipment as for these integrated facilities. It is not always obvious to determine which part of the equipment belongs to which fuel-cycle stage. There should be a significant potential for cost reductions for these demonstration facilities.
The biogas fuel cycle in Denmark (dk-o) turned out to be relatively expensive, but not much more expensive than its reference case. The high cost level is partly due to the decentralized character of the installation while the small difference compared to the reference system is due to natural gas being the most expensive fossil fuel. The additional cost for biogas is due to the early stage of biogas technology development. The second Portuguese case (p2-o) involving shortrotation coppice has a good potential of becoming economic if the costs of biofuel production can be reduced or if fossil fuels become more expensive (e.g. for environmental reasons or due to increased demand). The rape-seed oil case (d1-o) does not seem favorable, even if one considers much longer hours of operation, since the potential for cost reduction appears limited.
It should be emphasized that the cost figures stated here are not those relevant for business calculations as they would include taxes and apply a different method of allocating costs between heat and electricity. Thus, the figures given reflect a general economic perspective rather than a (private) business perspective.
In Fig. 2 , the employment effects of the case studies are summarized. The figure shows two indicators for specific employment, one with respect to energy production costs and the other in relation to the amount of energy supplied. Employment figures have to be considered with care since the different fuel cycles are at very different stages of development and their costs and Fig. 2 . Specific employment effects of BioCosts case studies with respect to production costs (1000 h/EURO) and energy output (h/MWh). Abbreviations are defined in Table 1. efficiencies vary widely. In addition, the two indicators sometimes lead to quite different conclusions which needs careful interpretation. In general, it may be observed that the better developed a technology is, the smaller are the positive employment effects.
For rape-seed farming (d1-o), 65% of the employment has to be allocated to the press cake residue according to its mass. Consequently, in monetary terms, the labor intensity of the rapeseed oil fuel cycle is only slightly higher than the intensity of its reference case (cf. Fig. 2 ). This is caused by the fact that rape-seed oil production is much more costly than diesel production since the former is more labor intensive, and by to the fact that the extraction of the mineral oil does not take place in Germany. On the other hand, in physical terms, the labor intensity of the rape-seed oil fuel cycle exceeds that of the diesel fuel cycle by more than a factor of two, since the energy efficiencies are comparable. Thus, if the same energy services are to be supplied, the biofuel cycle needs more labor. Finally, it has to be noted that the large share of indirect effects on the conversion stage is caused by the unconventional operation schedule of the CHP plant. If one assumes 5000 instead of the actual 1260 full-load hours, this share is reduced to about the same magnitude as in the Danish case (dk) which uses comparable equipment.
The Danish biogas case (dk-o) is also similar to the rape-seed oil case (d1-o) in that it exhibits higher employment than its reference case due to fuel production. However, the specific labor input for fuel production is smaller than in the German case, because biogas production is less labor intensive than agricultural activities. The fuel substituted is Danish natural gas, which is fully produced within the country itself. It may well be the case that the labor necessary to produce the natural gas is underestimated here, because no direct figures were available. The I/O model results on fossil fuel production in Denmark include substantial uncertainty, because there are no separate economic sectors for the oil, gas and coal industries in the Danish input-output tables used.
For the Portuguese case studies (p1, p2), no indirect effects could be calculated due to the missing input-output table. Direct effects show significantly higher specific employment with respect to production costs for the biofuel than for fossil fuel. The reason may be that, especially in case (p1), the production costs of the reference case (p1-r) are very low. If based on the energy produced, the employment benefit vanishes almost completely.
For the use of forestry residues and saw-mill waste in Sweden (s1-o), we find 20% lower specific employment than for the reference case (s1-r) using Polish coal. The indirect employment effect for the fossil fuel cycle was again determined by feeding the fuel costs into the energy sector of the Swedish economy in the EMI model. The result can be explained by the low labor input for collection and chipping and by the higher energy output of the biofuel version of the plant.
The gasification scheme in Sweden (s2-o), which is compared to the same reference case as the residue combustion fuel cycle (s2-rϷs1-r), requires more labor input than the fossil fuel case since this scheme involves a significant effort for fuel preparation. In addition, the technology has currently high investment costs which results in high employment figures in EMI runs. They are probably overestimated. Since the costs are likely to decrease as the technology matures, employment figures will fall accordingly.
The same is true for the gasification scheme in the UK (uk-o). Here, however, the reference case has higher specific employment figures than the biofuel case with respect to costs since it assumes the use of UK coal, which is produced nationally and at a relatively low productivity compared to other economic sectors. Moreover, the specific employment figures are higher than those of other case studies since only electricity is produced in this case.
It may be concluded that the use of biofuels has small benefits over using fossil fuels with respect to employment, particularly if the fuel preparation process is complex, if it is carried out efficiently, and if they substitute imported fuels. The labor input for biofuels will have to decrease during continuing efforts to make the respective fuel cycles more competitive.
For Germany, it was estimated that supplying 5% of its energy demand from biomass would result in some 60-120 thousand jobs [15] . However, these jobs would not be created in addition to existing jobs, but would mostly substitute other jobs. First, the jobs for operating the reference technology would be void. Second, if the biofuel technology is more expensive than the fossil fuel technology, the extra money spent would not be available for other purposes such as, for instance, consumption. Jobs in the respective sector of the economy, e.g. in the production of consumer goods, would be lost. All in all, there is probably a small positive net effect in using renewable energy sources. Thus it appears that they will not contribute significantly to solving the unemployment problems which many European countries face today but may maintain jobs especially in the rural areas [cf. also Ref. 1]. Fig. 3 shows the emissions of conventional air pollutants and CO 2 -equivalent emissions for the case studies with respect to the total energy output (electricity plus heat) of the facilities. For the UK case, emission values are in general higher than in the other cases since it is the only facility solely producing electricity. Therefore, it has a lower overall energy efficiency than the other case studies.
Environmental impacts: emissions, external costs, and global warming
The emission inventories are dominated by the energy conversion stage of the fuel cycle while the clean-up stage has virtually no discernable impact. The contribution of fuel productionthough small in general-is the larger the more complicated the process is.
The highest VOC emissions were found for burning wood in the industrial CHP installation in Portugal (p1-o and p2-o) with results between 0.4 and 0.8 g/kWh. Fuel-cycles applying diesel engines (d1-o, d1-r, p1-r, p2-r) cause VOC emissions between 0.1 and 0.2 g/kWh which are mainly due to the conversion technology. VOC emissions of the biogas fuel cycle (dk-o) as well as the UK gasification scheme (uk-o) and its reference case (uk-r) are also in the latter range. However, they are determined by fuel production rather than by the conversion process. The use of natural gas in the Danish CHP unit (dk-r) and all Swedish case studies (s1-o, s1-r, s2-o, s2-r) have very low VOC emissions, well below 0.05 g/kWh.
The diesel engines in Germany (d1-o, d1-r) and in Portugal (p1-r=p2-r) have by far the highest NO x emissions of all case studies. This is not related to the use of biofuels, but determined by the technology. Hence, the problem may be reduced by adding appropriate flue gas cleaning equipment. The Swedish case studies show that it is possible to keep NO x emissions of biomass fuel cycles at very low levels.
There is a substantial benefit in low SO 2 emissions for all biofuel case studies as there is almost no sulfur in biofuels and contributions from fossil fuels during biofuel production are small. The only exception is biogas competing with natural gas (dk-r), since the latter also hardly contains any sulfur. A number of biomass cases exhibit rather high CO emissions (d1-o, d1-r, p1-o, p2-o, uk-o), which is again more related to the conversion technology than to the fuel. The high emission levels can be traced to less demanding emission standards or the little attention paid to this problem. The gasification schemes, for example, have probably not been optimized to that end since they are demonstration units. UK reference case emissions, on the other hand, seem particularly low. As the other case studies show, there is no technical reason which prevents lower CO emissions if this is made an objective. The same is true for particulate emissions, which are low in the Scandinavian cases, but rather high for all other installations.
Finally, Fig. 3 illustrates that emissions of CO 2 -equivalents are typically reduced by a factor of 10 or more by using biofuels instead of fossil fuels. Only rape-seed oil (d1) and biogas (dk) deviate somewhat. In the latter case, the reduction is only by a factor of 6 due to methane emissions of the internal-combustion engine. These emissions may be avoided if a turbine was used instead. This would also help to reduce NO x emissions. For rape-seed oil, emissions are only decreased by a factor of 4 since the production of the fertilizers applied requires substantial amounts of fossil fuels. Fig. 4 compares the internal and external cost figures calculated. External costs refer to human health impacts by air pollutants calculated with the regional dispersion model of EcoSense. In all cases, the results are dominated by chronic mortality caused by secondary pollutants, namely nitrates and sulfates, based on an exposure-response function derived from Pope et al. [16] . These impacts are monetized via a 'years-of-life-lost (YOLL)' approach, where a monetary value is attached to the number of years a person died earlier than statistically expected. In earlier versions, EcoSense used a value of a statistical life of 3.1 million EURO which is still the basis of calculating the value of a life-year lost. The discount rate used is 0% [5] . Other relevant impacts comprise chronic bronchitis, asthma, acute mortality and restricted activity days. All other impacts on human health, contributions of local dispersion modeling and impacts on crops, forestry, and buildings covered by the EcoSense model have been found to be insignificant. External costs are stated for the original site of each technology and also for the hypothetical case in which it is assumed that the technologies were installed at Lauffen near Stuttgart in the southwest of Germany. The latter analysis was included to enhance the comparability of the technologies themselves by excluding effects of population density in the areas covered by the exhaust plume. There are huge differences in the external costs of the different case studies ranging from below 1 to above 150 mEURO/kWh. In all cases, but the biogas versus natural gas fuel cycle, we find a benefit for the biofuel application. The most favorable options are the use of forestry residues directly or via gasification in Sweden (s1-o, s2-o) . The low external cost figures of the Swedish case studies at their original sites are partly due to the low population density there. For a number of cases, external costs are of the same magnitude as internal costs. This is especially true for all diesel engines and for coal-fired power plants placed in the UK or Germany. Of the biomass fuel cycles, only the rape-seed oil engine and the two Portuguese facilities exhibit external cost estimates in the same order of magnitude as the internal costs. Finally, it should be noted, that the Portuguese case (p2) is the only facility which would be made economic by internalizing the external costs calculated. Fig. 5 indicates the specific CO 2 abatement costs of the different case studies. Specific abatement costs are defined as the ratio of the specific cost difference over the difference of specific emissions of CO 2 -equivalents. When based on internal costs only, the cost difference is implicitly attributed to CO 2 reduction exclusively. Therefore, we also indicate the CO 2 abatement costs that arise, when external costs of conventional air pollutants at the original site and at Lauffen are added to the internal costs. For case studies where biomass has an advantage over the reference case with respect to conventional pollutants, CO 2 abatement costs decrease. Although the BioCosts team views CO 2 damage cost estimates as too uncertain to be directly included in the external cost estimates, we compare the CO 2 abatement costs of the different case studies to damage cost estimates from literature. One of the lowest estimates found is the one by Nordhaus using his DICE model [17] . He obtains a figure of 1.8 EURO/t CO 2 (7.3 US$/t C). As Azar and Sterner [18] point out, this low value is mainly due to using a rather high discount rate of 3% even for long-term damage, no equity weighting and a low retention time of CO 2 in the atmosphere. With the same model, but with different assumptions on the three issues listed, Azar and Sterner reach values up to 127 EURO/t CO 2 . In the ExternE project, calculations with the FUND model yielded a range of 15-42 EURO/t CO 2 [5, 19] .
For the BioCosts case studies, three categories of fuel cycles can be distinguished. First, there are case studies which have negative CO 2 abatement costs since they turned out cheaper than their reference cases (p1-o, s1-o). Hence, for them we have a classical win-win situation under prevailing economic conditions. Second, we have a case study with very high abatement costs, namely the rape-seed oil case (d1-o). Provided that the financial resources for mitigating global warming will be limited, this technology should definitely not be a first choice option. Third, we have the remaining case studies (dk-o, p2-o, s2-o and uk-o) which have medium range abatement costs that are more or less within the ExternE damage cost range. These are the most interesting candidates for future R&D support and market penetration programs. Also, it has to be emphasized that three of the four cases (p2-o, s2-o, uk-o) would provide two benefits at the same time, mitigation of global warming and a reduction of human health impacts from conventional pollutants. Only in the case of biogas versus natural gas in Denmark (dk-o), mitigating global warming has to be paid for with a limited increase of impacts from conventional pollutants-with present technology.
Conclusions and recommendations
Even against the background of the many uncertainties involved in the quantitative results of the BioCosts project, there are a number of conclusions which are supported by several indicators and are more or less independent of the methodology chosen.
First of all and beyond doubt, biofuels are an important option to reduce net emissions of CO 2 and, thus, to mitigate global warming, even though their respective contributions are of different magnitude.
For conventional pollutants, such as NO x , SO 2 , CO, VOC and particulate emissions, the picture is more differentiated. While there is generally an advantage of biomass with respect to SO 2 emissions (except when compared to natural gas), there are cases where some of the other emissions are higher for the biomass fuel cycle than for fossil fuels. However, in well managed cases, the difference is either small or emissions occur at low levels anyway. Concerning external costs from human health impacts, there is an advantage of biomass when compared to coal and oil, and a (small) disadvantage compared to natural gas.
The strong implicit focus of ExternE on human health impacts, which is due to the exposureresponse functions and monetary values in the EcoSense model, suggests that the reduction of NO x needs to become a major policy target. This does not only hold for biomass, but also for fossil fuels since NO x emissions depend on the conversion technology in the first place. However, a number of technological options for reducing NO x emissions are available at moderate costs. Therefore, when introducing new technologies, low NO x emissions should be an important criterion.
The combined production of heat and power has substantial advantages over separate production of these commodities if demand and supply can be brought into phase. With respect to the use of biomass, this is not only an issue of rational use of energy, but also of making optimal use of the land resources available for energy purposes. However, gas turbines and combinations of boilers and steam turbines are clearly preferable compared to internal combustion engines, as the latter have considerable problems with emissions of NO x and methane. However, it should be noted that in the near future combustion engines rather than turbines may be the only economically viable option if one wants to realize cogeneration potentials in areas with low demand densities. Thus, there is a trade-off between energy efficiency and mitigation of global warming on the one hand and health impacts of conventional pollutants on the other hand.
Furthermore, residues seem preferable to any energy crop, and perennial woody crops seem preferable to annual crops. This is due to the additional efforts associated with growing perennial and annual crops and to the complexity of the fuel preparation processes involved in converting biomass into convenient biofuels.
There are several other, mostly qualitatively assessed benefits and burdens that accompany the energy use of biomass. First, the use of forestry residues may contribute to reducing acidification levels in the forest as nitrogen is removed. Especially in Sweden, this is regarded as valuable and expresses itself in a high 'willingness-to-pay' demonstrated by the wide acceptance of the corresponding environmental taxes. Second, the use of biomass residues may facilitate waste disposal and reduce ground water pollution as illustrated by the production of biogas from animal slurry in the Danish case study and the application of sewage sludge for fertilizing short-rotation coppice in the UK case study.
Concerning impacts on biodiversity, water and soil quality, we have found negligible marginal effects in our case studies. This may change, however, if biomass fuel cycles are implemented at a larger scale. Adverse consequences may then be avoided if possible negative impacts are mitigated right from the beginning. For instance, energy crops should not be planted in areas which are or should be nature reserves, but in re-designated agricultural areas. Furthermore, the use of fertilizers has to be adapted to the actual uptake of the plants, and pesticides have to be applied sparsely. It may be worthwhile to examine in how far informative guidelines (which have been published in Europe and North America) and a tax on fertilizers, pesticides etc. could promote such a behavior.
Possible future competition for resources and land should receive careful consideration in planning for a sustainable development at an early stage. Thus, developments such as the increasing share of organic farming in Denmark may erode the potential of biomass. Changing the diet towards less meat consumption, on the other hand, may significantly increase the area available for energy crops, but requires major (and so far not very likely) cultural changes in our societies.
From the evaluation of local frameworks, it may be concluded that it is important to involve local stakeholders at an early stage. This can ensure an appropriate definition of and compliance with good practice guidelines and preserve rural amenity, thus helping to avoid local resistance to the new technologies.
The different case studies revealed a broad range of energy production costs. Two case studies were found to be economic at present fuel prices, mainly because the feedstock is available at low cost. Other case studies are up to 100% more expensive than their reference cases. Bringing down the internal costs of the promising biomass fuel cycles should be an important objective of R&D and market introduction strategies.
For a number of the biomass technologies, including biogas and gasification of forestry residues and short-rotation coppice, we see a clear (economic) incentive to pursue their application. This is even more the case if one adopts the notion of strong sustainability as a policy guideline. In this case, the higher costs of biofuels and other renewable energy sources may be regarded as payments for an insurance against damage to the environment in general and the risk of global climate change in particular.
Nevertheless, market-based incentives should be used to support the market introduction of biomass-to-energy applications in order to select the most favorable application. Such mechanisms could be fuel taxes, emission taxes or tradable emission permits which may be justified as an internalization of external costs. However, reflecting the large uncertainties intrinsic in the external cost concept, the levels of such taxes should be determined by the objectives pursued rather than relying mainly on the external costs calculated. This principle is called the standard-price approach in economics and is well in line with the concept of strong sustainability.
Not surprisingly, calculating external costs with the EcoSense model revealed a crucial dependency on the site chosen and, consequently, the population density in the area covered by the exhaust plume. Thus, this methodology may be helpful when siting energy conversion facilities, even if its usefulness for a general assessment of technologies is limited.
The energy use of biomass may contribute moderately to additional employment. However, improvements in efficiency necessary for economic reasons are likely to reduce the labor input into biomass fuel cycles. Thus, the energy use of biomass cannot play a substantial role in solving the unemployment problem. There may be local benefits in rural areas especially retaining jobs which otherwise would be lost as a result of changing agricultural policies.
All in all, we emphasize that carefully chosen and well managed biomass fuel cycles can provide an important, if not indispensable, contribution to a sustainable future energy system for the European Union.
